Abstract: Biocomposites prepared by melt blending were investigated. The blends were composed of synthetic and natural macromolecules, including poly(vinyl alcohol), aliphatic-aromatic polyester and thermoplastic starch. Mechanical properties of the composites, their microstructure, melt rheology and thermal characteristics are presented. Influence of water on the properties as well as the degradation rate of the materials has been estimated as a function of their composition. Such materials may find applications for packaging as well as in medicine and biology as polymeric scaffolds, drug delivery systems etc.
Introduction
There is currently a revival of worldwide interest in the use of biopolymers for applications in which synthetic polymers have traditionally been the materials of choice. Materials of interest include different synthetic or bio-synthetic polymers, as well as plant-based polymers, for example starch and pectin [1, 3] . Such polymers may be biodegradable and recyclable and, therefore, may help to satisfy the increasing consumer and regulatory demands for materials with these properties. Physical incorporation of granular starch as a functional additive or filler into synthetic polymers is well known as the first generation of starch compounds. In the 1990s, technology began to focus on thermoprocessing of starch-based compounds without any petrochemical polymers using conventional equipment and poly(vinyl alcohol) or cellulose acetate as components, depending on specific applications [4] . This paper presents results of our studies of blends of thermoplastic starch and poly(vinyl alcohol) or aliphatic-aromatic polyesters.
Experimental part

Materials
Starch: -Industrial corn starch from Cargill Dow (USA) (25% amylose content) -Resistamyl 325 (acetylated waxy starch, 0% amylose content) Anhydrous glycerol from POCH Gliwice (M = 92,10 g/mol) Distilled water Poly(vinyl alcohol) PVAl E-205 from Kuraray Poval (viscosity 4,6 -5,4 MPa·s, degree of hydrolysis 86,5 -89 mol-%, volatile content max. 5,0%) Eastar Bio Ultra from Eastman Kodak (poly(tetramethylene adipate-co-terephthalate))
Starch was dried at 105°C for 24 h prior to mixing. Starch, poly(vinyl alcohol) and plasticizer (H 2 O/glycerol ratio 50:50) were first mixed by means of a high-speed mixer. Proportion of starch to plasticizer (glycerol/water) in the composition was 67/33 w/w. Poly(vinyl alcohol) was added in amounts of 9, 15, 17 or 19 wt.-%. Resulting compounds were obtained in powder form, similar to well-known 'dry blends' in PVC industry. Processability of the materials was studied using a Haake Rheocord 90 with a rotating speed of 40 rpm. Mixing was performed at 130°C for c. 10 min using sigma-or roller-blades.
As-processed moldings were immediately sealed in polyethylene bags and stored at ambient temperature. Material was conditioned in the exsiccator at 50% relative humidity for 24 h.
Methods
1 mm thick samples in 'dog bone' shape were prepared for tensile tests with a hydraulic press at 150°C. Tensile tests were performed with a Lloyd LR10K machine at room temperature with a pulling speed of 10 mm/min.
The melt flow index was measured with a CEAST Melt Flow Junior at 150°C with a loading of 21,6 N.
The Vicat softening temperature (VST) was measured with a CEAST HDT-3-VICAT apparatus (at 10 N, 120°C/h). VST is the temperature at which a flat-ended needle penetrates the specimen (in the oil bath) to the depth of 1 mm under a specific load.
Moisture sorption was restricted to the weight changes, regardless of the original water content in the plasticizer used for preparation of the specimens.
Results and discussion
Tensile properties
Properties of starch plasticized with 33 wt.-% of glycerol (67% of starch) depend on the amylose content and on the stress level during processing. Waxy starch after mixing with sigma blades had better mechanical properties than that mixed with roller blades. Apparently, the difference resulted from a lower shear stress level in the case of sigma blades ( Figs. 1 and 2 Thermoplastic ordinary starch has better mechanical properties than modified waxy starch. The difference is due to the higher secondary forces between macromolecules and amylose. For that reason it exhibited 10 times higher elongation at tensile tests (Fig. 3) . Resistamyl starch does not contain amylose and part of its hydroxyl groups has been substituted by the acetate groups. This reduced the content of hydrogen bonds and simultaneously decreased the influence of water on its properties.
Mechanical properties of the waxy-starch blends with Eastar depend on the components' ratio (Fig. 4) . The numbers of consecutive plots refer to the content of Eastar polymer (10: 100 wt.-%, 9: 90 wt.-%, etc.). Eastar copolymer alone exhibited low stiffness (E = 64 MPa) and high ductility (ε = 110%), whereas its blends with starch were stiffer and their ultimate elongation decreased. The Vicat softening temperature depends on the Eastar content (Fig. 5) . This polymer contains aromatic rings (polytetramethylene adipate-co-terephthalate) and, in result, its softening point (79°C) is markedly higher than that of starch (52°C). The Vicat temperature of blends the major component of which was starch was rather low, increasing by c. 6°C when starch content changed from 100 to 50 wt.-%. Above 50 wt.-% of Eastar content this polymer starts forming a continuous phase, leading to an increase of the softening temperature by 22°C when the Eastar content increased from 50 to 100 wt.-%. The ratio 50/50 in multiphase polymer blends is usually related to a phase inversion, which seems to take place in the investigated system.
Moisture absorption decreased with Eastar content, which is much less hydrophilic than starch (Fig. 6) . It is well known that Eastar Bio Ultra is not sensitive to water; therefore, it may protect the material from moisture with an efficiency proportional to its content in the blend.
The processability of thermoplastic starch was markedly improved with an increasing content of Eastar (Fig. 7) . The melt flow index of a blend increased 3-times after addition of 10 wt.-% of Eastar and was even higher when Eastar formed the matrix (above 50 wt.-% of Eastar in the blend). The objective of incorporating PVAl into starch was to improve the mechanical properties and to minimize the sensitivity to moisture of the material. The effect of PVAl content on the tensile properties of the blends is illustrated in Figs. 8 and 9 . Tensile strength and elasticity modulus of the materials were changed by the content of PVAl. The blend was quite brittle at a PVAl content equal to 9 wt.-% and became ductile at a PVAl content close to17 wt.-%. A still higher strength was observed at a PVAl level of 19 wt.-%. Thus, it is evident that materials of tailored tensile properties can be obtained preparing blends with appropriately tailored composition.
Environmental stability
The environmental stability (water solubility and water sorption) of tensile specimens placed in an environmental chamber (80°C) was monitored by measuring the weight gain of investigated samples. Water solubility was determined as the difference between the weight of a sample, which was stored in water (80°C) for 1 h and then dried at 130°C for 30 min, and its initial weight. Water sorption was measured by weighing the material that was stored for 1 h at room temperature in water and dried with blotting paper. Tab. 2 shows the weight gains of specimens exposed to an ambient environment. Water solubility of the material increases with the content of PVAl as well as with water sorption. Obviously, the moisture take-up behaviour depends significantly on the PVAl content. Glycerol is well known to be much more moisture sensitive than other plasticizers, because it contains three hydroxyl groups in a glycerol molecule [1] . It has been noted that water solubility of the compounds increases with the content of PVAl.
Conclusions
-Good processability of the compound was obtained by using a mixture of glycerol and water (50/50 w/w) as a plasticizer.
-Starch/Eastar blends showed a good balance of mechanical and thermal properties.
-Incorporation of PVAl into starch resulted in improved mechanical properties.
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